Purpose To determine the expected out-of-pocket costs of IVF with preimplantation genetic testing for aneuploidy (PGT-A) to attain a 50%, 75%, or 90% likelihood of a euploid blastocyst based on individual age and AMH, and develop a personalized counseling tool. Methods A cost analysis was performed and a counseling tool was developed using retrospective data from IVF cycles intended for PGT or blastocyst freeze-all between January 1, 2014 and August 31, 2017 (n = 330) and aggregate statistics on euploidy rates of > 149,000 embryos from CooperGenomics. Poisson regression was used to determine the number of biopsiable blastocysts obtained per cycle, based on age and AMH. The expected costs of attaining a 50%, 75%, and 90% likelihood of a euploid blastocyst were determined via 10,000 Monte Carlo simulations for each age and AMH combination, incorporating age-based euploidy rates and IVF/PGT-A cost assumptions. Results The cost to attain a 50% likelihood of a euploid blastocyst ranges from approximately $15,000 U.S. dollars (USD) for younger women with higher AMH values (≥ 2 ng/mL) to > $150,000 for the oldest women (44 years) with the lowest AMH values (< 0.1 ng/mL) in this cohort. The cost to attain a 75% versus 90% likelihood of a euploid blastocyst is similar (~$16,000) for younger women with higher AMH values, but varies for the oldest women with low AMH values (~$280,000 and > $450,000, respectively). A typical patient (36-37 years, AMH 2.5 ng/mL) should expect to spend~$30,000 for a 90% likelihood of attaining a euploid embryo. Conclusions This tool can serve as a counseling adjunct by providing individualized cost information for patients regarding PGT-A.
Introduction
Many patients undergoing in vitro fertilization (IVF) elect to use preimplantation genetic testing for aneuploidy (PGT-A), hoping to optimize their chances of having a live birth and reduce their risk of miscarriage by selecting a euploid embryo for transfer [1] [2] [3] [4] [5] [6] [7] . While the utility of PGT-A for different patient populations has been widely debated in the literature, the use of this technology continues be a large part of many reproductive endocrinology practices [5, [8] [9] [10] [11] [12] [13] [14] . Oocyte aneuploidy increases with age, while the embryo yield per cycle decreases with age [15, 16] . Hoping to minimize the overall cost of PGT-A and maximize the likelihood of success, some patients undergo multiple stimulation cycles and bank blastocysts prior to having PGT-A [17, 18] . The optimal number of blastocysts, the likely number of cycles needed to obtain them, and the predicted cost of achieving a high likelihood of having Preliminary findings from this study were presented at the 33rd Annual Meeting of the European Society of Human Reproduction and Embryology in Geneva, Switzerland, from July 2-5, 2017.
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Anti-müllerian hormone (AMH) level, while not a marker for IVF pregnancy, is a useful predictor of the response to gonadotropin medication during a stimulation cycle [19, 20] . Women who present to fertility clinics with very low AMH levels, and particularly older patients, often have few eggs retrieved and a low number of embryos created despite maximal stimulation with gonadotropins over multiple cycles [19, 21, 22] . For these patients, obtaining a blastocyst suitable for biopsy may be achievable only at very high cost or may never be attainable. In such cases, clinics may consider recommending a fresh embryo transfer of an untested embryo instead of PGT-A. However, deciding whether to pursue PGT-A is complex and is likely to be influenced by many factors and patient-specific characteristics.
Given the increasing utilization of PGT-A and the need for individualized counseling tools, the purposes of this study were as follows: 1) to determine the expected age-related cost of IVF with PGT-A to attain a 50%, 75%, and 90% likelihood of having at least one euploid blastocyst, 2) to determine whether there is an age and AMH value at which PGT-A should perhaps be discouraged due to the low chance of success and excessive cost, and 3) to develop a personalized, evidence-based counseling tool based on age, AMH, and estimated cost that helps guide patients and clinicians considering PGT-A.
Materials and methods

IVF cycles and laboratory protocols
We conducted a retrospective analysis of 330 IVF or IVF/ICSI cycles started from January 1, 2014 to August 31, 2017 for which PGT or a blastocyst freeze-all was planned at the Center for Infertility and Reproductive Surgery at Brigham and Women's Hospital. Patients' first cycles for which PGT (n = 304) or a freeze-all (n = 26) was intended were included. Cycles were excluded if 1) a donor egg or a gestational carrier was used, 2) embryos were frozen at the two pronuclear (2pn) or cleavage stage, or 3) the cycle was intended for long-term fertility preservation for a cancer or medical diagnosis. Approval for this study was obtained from the Partners HealthCare Institutional Review Board.
All gametes and embryos were cultured at 37°C in a humidified incubator under an atmosphere of CO 2 (5-6%), O 2 (5%), and N 2 (89-90%). IVF or ICSI was performed 4-6 or 3-5 h after oocyte retrieval, respectively, followed by a fertilization check 16-18 h after fertilization. A single step medium (25 μL microdrops, Global Total, IVFOnLine, Guelph, Ontario, Canada) was used to culture 2pn zygotes under mineral oil. Embryos were evaluated on day 3 between 66 and 69 h post-insemination and then moved to a fresh drop of equilibrated Global Total medium for culture to day 5. Blastocyst morphology was then evaluated on day 5 between 112 and 115 h and scored according to the stage of development and quality of the inner cell mass (ICM) and trophectoderm (TE). Embryos that were ineligible for biopsy or freeze on day 5 were left in culture and evaluated on day 6. Good-quality embryos were defined as hatching/hatched blastocysts with BA^or BB^grades for both the ICM and TE. Fairquality embryos were defined as expanding, full, or expanded blastocysts with BA^or BB^grades for both the ICM and TE, or hatching/hatched blastocysts with at least one BC^grade for the ICM or TE. Poor-quality embryos were considered as: 1) any morula or blastocyst stage with a BD^grade for the ICM or TE, 2) any early blastocyst, or 3) any full, expanding, or expanded blastocyst with at least one BC^grade for the ICM or TE. In our center, all full, expanding, expanded, or hatched blastocysts with an BA^or BB^grade for the ICM or TE or a BC^grade for either the ICM or TE are eligible for TE biopsy (biopsiable embryos); early blastocysts and any blastocyst with a BC^grade for both the ICM and TE, or a BD^for either the ICM or TE are ineligible.
Methodological assumptions
Determination of number of Bbiopsiable^blastocysts
The number of biopsiable blastocysts was identified directly for those cycles undergoing PGT. When PGT was not performed, the number of biopsiable blastocysts was defined as the number of embryos fulfilling the Bbiopsiable^criteria, as described above. In cases of a cycle order change resulting in a fresh day 3 transfer instead of PGT or a freeze-all on day 5, the presumed number of biopsiable blastocysts was determined as follows: if a pregnancy was achieved, the number was derived from the number of supernumerary blastocysts that fulfilled the biopsy criteria, plus the number of documented gestational sacs (e.g., if a twin pregnancy was achieved following a day 3 transfer, the number of presumed biopsiable blastocysts was increased by two). Most blastocyst freeze-alls were intended for the prevention of ovarian hyperstimulation syndrome, embryo banking in advance of a future surgical procedure needed prior to transfer (e.g., a myomectomy), for use with a gestational carrier, or for patients' personal reasons/requests.
Determination of the probability of a euploid blastocyst
To determine the probability of blastocyst euploidy, aggregate age data by individual year from CooperGenomics was utilized. This included PGT-A results of 149,831 embryos obtained using array comparative genomic hybridization (aCGH) or next-generation sequencing (NGS) from January 1, 2013 to December 31, 2017 (unpublished data). The percentage of euploid blastocysts was independent of embryo cohort size and was inversely related to the female partner's age.
Cost analysis
Poisson regression was used to model the average number of biopsiable blastocysts obtained per cycle based on age and AMH from the 330 cycles for which PGT or a freeze-all on day 5 were initially intended. AMH values were logarithmically transformed prior to the regression because of the magnitude of AMH variation among patients. From the regression, the projected probability distributions of biopsiable blastocysts per cycle were derived.
The cost analysis was performed using the following assumptions:
1. The baseline cycle cost for self-pay patients was $8000 + $2000 for ICSI. This was approximated by comparing medication costs at multiple pharmacies using the Fertility Drug Calculator 1 application and using the lowest prices available. Total dose requirements and medication costs were calculated based on different AMH values using a linear regression with log transformations. 3. The PGT-A cost was derived from an approximate $1500 cost for the biopsy procedure, regardless of the number of embryos biopsied, plus $150/embryo analyzed for the PGT-A testing.
Monte Carlo simulations were used to determine the expected cost of having at least one euploid blastocyst, using patient age and AMH as inputs. Additional parameters included the probability that any biopsiable blastocyst will be euploid as a function of age, and the cost assumptions noted above. Each simulation consisted of multiple cycles, with each cycle containing a number of biopsiable blastocysts randomly chosen from the Poisson probability distribution according to the regression for that particular age and AMH, until a euploid blastocyst was achieved. For each age and AMH combination, 10,000 simulations were performed for predicting the cost of a euploid blastocyst. The cost at which there is a 50%, 75%, or 90% likelihood of having at least one euploid embryo was determined by identifying the 50th, 75th, or 90th percentile in cost, respectively, within each set of 10,000 simulations. An additional 10,000 simulations per age and AMH were performed to estimate the cost of a 50%, 75%, and 90% likelihood of live birth, which assumed a 60% likelihood of birth following transfer of a euploid blastocyst [23, 24] . The decision tree model would proceed as depicted in Fig. 1 , and the accumulative cost determined using Monte Carlo simulations. Statistical analyses were performed using Matlab (version R2015a, MathWorks, Natick, MA). Demographic data are presented as mean ± standard deviation or median (range).
Results
Cycle outcomes
Of the 330 cycles included, 304 (92%) and 26 (8%) cycles were initially intended for PGT or a blastocyst freeze-all, respectively. Patient demographic and cycle information for the study population are shown in Table 1 . The average patient age was 36.7 years old. Most cycles employed a GnRH antagonist protocol (75%) and the majority utilized ICSI (67%). Of the 304 patients who started their cycle planning to have PGT, 277 (91%) ultimately had embryos biopsied. The median number of embryos biopsied was 3. Twenty-six (8.6%) patients ultimately opted against PGT entirely, instead electing to undergo a fresh embryo transfer. These patients were older (39.0) and had a lower AMH (mean 1.9, median 1.3, interquartile range (IQR) 0.6-2.5). The average number of biopsiable blastocysts was 0.9 in this group, 11 of whom had no embryo suitable for biopsy. Sixteen (5.3%) patients underwent a fresh transfer with their remaining eligible embryos biopsied. Six patients who initially intended on having a blastocyst freeze-all ultimately opted for a fresh transfer instead due to low numbers of embryos. The majority (32/48; 67%) of fresh transfers occurred on day 3. Of patients who had a fresh transfer, 22 (46%) achieved a pregnancy, of which 13 (59%) were biochemical pregnancies and 9 (41%) were clinical pregnancies. Six patients (12.5%) had live births and there is one additional ongoing pregnancy.
Biopsiable blastocysts
The expected number of biopsiable blastocysts obtained per cycle based on age and AMH is shown in Table 2 . The predicted number of biopsiable blastocysts was positively correlated with AMH levels and negatively correlated with age (ptrend < 10 −10 for both). In our study population, women ≥ 42 years with AMH ≤ 0.1 are expected to have < 1 biopsiable blastocyst obtained/cycle, and so are predicted to require more than one cycle to obtain a suitable blastocyst for biopsy, on average. All other age and AMH combinations are expected to produce at least 1 biopsiable blastocyst per cycle.
Cost of a euploid embryo
The probability of a blastocyst being euploid as a function of age based on CooperGenomics data, as well as the corresponding number of blastocysts needed to obtain a 50%, 75%, or 90% likelihood of having a euploid embryo, are shown in Supplemental Table 1 . Our analyses show that the expected total treatment cost for a 50% likelihood of attaining at least one euploid embryo ranged from approximately $15,000 for younger women with higher AMH values (≥ 2 ng/mL) to > $150,000 for the oldest women in our study population (44 years) with AMH ≤ 0.1 ng/mL (Table 3) . There is little difference in cost for a 75% versus 90% likelihood of attaining a euploid embryo for the youngest women with the highest AMH values in this cohort (Tables 4 and 5 ). The difference in cost to attain a 75% versus 90% likelihood of a euploid embryo becomes more pronounced with increasing age and decreasing AMH. Women with the highest AMH values (≥ 10 ng/mL) can expect to pay $16,000 up to age 39 for a 90% likelihood of attaining a euploid embryo. The Baverage^patient in our study population was 36-37 years old, with an AMH of 2.5 and, according to our analyses, would be expected to spend approximately $16,000 for a 50% likelihood of attaining a euploid embryo and $30,000 for a 90% likelihood of attaining a euploid embryo. There is less of a difference in cost to attain a euploid embryo across AMH values for women 30-36 years of age. The cost differential across AMH values increases with age, with the oldest patients' projected cost increasing more as AMH decreases compared with younger women. For example, to attain a 90% likelihood of a euploid embryo, a woman 30 years old with an AMH of ≤ 0.1 versus ≥ 10 ng/mL should expect to pay $66,000 versus $16,000, respectively-a difference of approximately $50,000. Women 44 years old with an AMH of ≤ 0.1 versus ≥ 10 ng/mL should expect to pay $456,000 versus $57,000, a difference of approximately $400,000. Figure 2 depicts the probability of attaining a euploid blastocyst over an increasing number of cycles for different patient ages and AMH values. The Baverage^36-37-year-old with an AMH of 2-3 ng/mL would have approximately an 80-85% chance of obtaining a euploid blastocyst after a single cycle; after 2 cycles, the likelihood increases to > 90%. A 38-yearold patient with an AMH of 0.1 ng/mL would have < 40% chance of obtaining a euploid blastocyst after a single cycle; after 3 cycles, that likelihood increases to approximately 70%. A 44-year-old with an AMH of 0.1 ng/mL would have < 40% chance of obtaining a euploid blastocyst even after 5 cycles. At a higher AMH value of 5 ng/mL, a 44-year-old would have about a 90% chance of having a euploid blastocyst; notably, only one 44-year-old in our database had an AMH value that high.
Discussion
Preimplantation genetic testing for aneuploidy is an attractive technology that has the potential to increase IVF success rates through the selection of a euploid embryo for transfer. However, deciding whether to undergo PGT-A is a complex decision based on a multitude of factors for different patients (Genoff Garzon et al.) [25] . Patients may have varying thresholds at which they feel comfortable transferring a tested versus untested embryo. Likewise, patients come from different financial means. Ideally, the decision to undergo PGT-A will be made by a fully informed patient, with physician guidance. It is important to counsel patients regarding the likelihood of obtaining a euploid embryo and what their expected costs may be, based on their age and AMH. This present study was undertaken to fill a gap in the literature regarding the anticipated costs of PGT-A on an individual patient basis and to allow for more comprehensive and personalized patient counseling. [28] ). A recent study found IVF with PGT-A to be cost-effective for women over the age of 37 years [28] , based on an analysis of previously published cost estimates of pregnancy-related events from a public health care lens. While that study helps to evaluate how PGS impacts the overall cost to society of pregnancy among women who undergo PGT-A, it is limited in its generalizability and cannot be used as an individualized counseling tool. The study assumed the same cost estimates for all women > 37 years old and presumed that they will have obtained a blastocyst from a single IVF cycle, thus eliminating the poorest prognosis patients. It did not consider ovarian reserve parameters, nor did their cost estimates include IVF cycle costs. Their study was therefore not designed to be a personalized counseling tool. Cost considerations are important factors for individuals to consider when deciding whether to pursue PGT-A, and personalized counseling tools are needed. To our knowledge, the current study is the first to evaluate the cost of PGT-A by individual year of age and over a range of AMH values, and our results have been built into a user-friendly instrument for patient counseling.
In the current study, the median cost estimate to attain a 75% or 90% likelihood of a euploid blastocyst (i.e., for women with a median age and AMH of 37 years and 2.5 ng/mL, respectively) would be approximately $16,000 or $30,000, respectively (Tables 4 and 5 ). Women in the highest age categories with the lowest AMH values were projected to need to spend upward of $200,000 over multiple IVF cycles to achieve this same likelihood. As there is typically some embryo attrition from days 3 to 5, and not all euploid embryos necessarily progress to biopsiable blastocysts in the laboratory, these patients may ultimately be better served by undergoing fresh embryo transfers of one or more embryos on day 3. One could argue that patients 41-42 years of age with an AMH < 0.5 ng/mL or > 42 with an AMH < 1 ng/mL be discouraged from undergoing PGT-A, unless they are prepared to spend significant time and approximately $100,000 to undergo multiple cycles of IVF for a 75% likelihood of attaining a euploid embryo. The cost to attain a 50% likelihood of a euploid embryo for these women is less, at approximately Number of 2PNs 8 (4-14) 9.8 ± 6.6
Number of blastocysts 6 (2-10) 6.7 ± 5.4 Number of blastocysts biopsied (among patients who had PGT; N = 277) 4 (1-7)
4.6 ± 3.8
Values represent n(%) or median (interquartile range) a The most common diagnoses that comprise the BOther^category include uterine factor infertility and PGT for non-long-term banking indications. PGT solely for family balancing is not currently offered at our institution b Poor responder protocols include microflare, patch, letrozole, and ultralow dose Lupron (ULDL). Good responder protocols include antagonist and luteal Lupron stimulations other than ULDL Poisson regression was used to predict the number of biopsiable blastocysts obtained per cycle. Results are rounded to the nearest tenth $55,000-90,000 USD (Table 3) . For many, but not all, this would prove cost-prohibitive. It is important to counsel patients who opt for PGT-A regarding the risk of not having any embryos available for biopsy or for transfer, a risk that increases with age [15] . However, it is equally important to counsel patients about the increased risk of miscarriage with transfer of an untested embryo at higher ages. It is impossible to put a price, in terms of both dollars and time spent, on an aneuploid miscarriage that may have otherwise been avoided by transferring a euploid embryo. While euploidy does not eliminate the chance of a miscarriage, it does decrease this risk [27, 29] . In this present study, a small number of patients (< 10%) ultimately opted for a fresh embryo transfer instead of PGT or a freeze-all; fewer than half achieved a pregnancy, and 
the majority of pregnancies were biochemical, with only 15% of patients with a fresh transfer having a live birth or ongoing pregnancy.
Approximately half of the women in our study population were 37 years or older, and these patients had a median AMH of 1.8 ng/mL. Such patients should be advised that they may require multiple IVF cycles to obtain a high likelihood of a euploid blastocyst. They may therefore wish to bank embryos and have PGT-A run once to potentially decrease the overall treatment price. In Tables 3,  4 , and 5, the cells shaded green represent a treatment cost of approximately $50,000 or less; for patients meeting those highlighted combinations of age and AMH, PGT-A may be more cost-friendly. Note that in this study, the higher cost differential at older ages by AMH suggests that AMH plays a larger role in the cost of treatment cycles for older women; this is largely driven by agerelated aneuploidy rates.
It is important to note that these price estimates reflect those required to obtain a 50%, 75%, or 90% likelihood of obtaining a euploid embryo, but this does not necessarily mean a live birth would result following transfer. Assuming that transfer of a euploid blastocyst confers an approximate 60% likelihood of a live birth [14, 23, 24] , a patient may need multiple transfers of euploid embryos in order to achieve a birth. This would translate to a higher out-of-pocket price to delivery, rather than price to transfer (Supplemental Tables 2A-C) . These estimates additionally include the cost of frozen embryo transfer(s), which may increase the expected cost by approximately $2500-$3000 per transfer. As NGS begins to replace aCGH as the preferred method of PGT-A, the detection sensitivity for embryo mosaicism will likely increase and may result in more embryos deemed aneuploid [30, 31] . It is unclear how this will impact the likelihood of identifying a suitable embryo for transfer, or the likelihood of live birth following a euploid embryo transfer. Moreover, the cost of PGT-A may decrease over time as our technology advances; as an example, non-invasive PGT is inching toward reality [32, 33] . This would eliminate the embryo biopsy step and make the process for PGT overall less costly for patients.
This study has several important strengths. Notably, to our knowledge, this is the first study that presents cost projections for IVF with PGT-A taking the range of both age and AMH values into consideration. From our cost analysis, we have developed a patient counseling tool to aid in individual decision-making regarding the use of PGT-A. The use of Monte Carlo simulation models allowed for hundreds of thousands of simulations for cost approximation based on real-patient data. Patients with infertility of all diagnoses were included, allowing the results to be more generalizable. We included patients who intended on having a blastocyst embryo freeze at 
cycle start, as providers may stimulate more aggressively knowing that a leuprolide trigger could be used to avoid ovarian hyperstimulation syndrome. Similarly, we did not exclude patients who ultimately opted against PGT-A or a freeze-all in order to capture those patients who may be of poorer prognosis, thereby incorporating their embryo transfer data into the model. There are limitations to this study, including the retrospective nature of chart review and the use of aggregated PGT-A data from multiple institutions. The sample size was relatively small, and we made assumptions about modeling distributions and pricing that likely differ across IVF centers. Raw counts for each age and AMH combination are shown in Supplemental Table 3 , and our model may be less accurate for age and AMH combinations in which there were fewer patients. We assumed that transfer of an embryo on day 3 that resulted in a pregnancy would have likely become a biopsiable blastocyst in the laboratory. However, we cannot say for sure that an embryo resulting in a pregnancy would have survived exutero, and conversely, that an embryo that did not result in a pregnancy would have failed to blastulate in culture. Given the relatively few day 3 transfers and pregnancies overall, we do not feel that this significantly impacts our results. We included a $2000 cost for ICSI in our model, as most cycles in our cohort utilized ICSI. However, PGT-A does not require ICSI, so treatment costs are expected to be several thousand dollars lower for cycles using IVF without ICSI. This model relies only on age and AMH and there may be other factors that additionally contribute to the overall cost.
While the efficacy and merit of PGT-A continue to be investigated in our community, this tool can act as a counseling adjunct by providing individualized cost information that allows patients and clinicians to make better-informed choices regarding their fertility care. Age (y) Fig. 2 This figure depicts the probability of obtaining a euploid blastocyst over an increasing number of cycles for different patient ages and AMH values. Each graph was created using 10,000 Monte Carlo simulations
